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The ApoUo-Soxuz Test Project (ASTP), which flew id July 1 975, arduscd 
considerable public interest; first, because the space rivkls of the late I9^0's 
and'l960's weie working together in a joint endeavor,|and second, because 
their mutual efforts included developing a space rescue sy stein, 
also Included, significant scientific experiments, the reisuits of wlych can be ^ 
used in teaching biology »: physics, and ihatheniatics in schools and cplieges. 

Thi5[-seriesof piamphlejts discijssing the Apollo-Soyuz mission aiid experi- 
ment is a set of curriculum supplements designed for teachers, supervisors, 
curriculum specialists, ,apnd tejftbboH writers as well as for the gierieral public. 
Neither textbooks nor courses of study, these piunphlets arb inten to 
provide a rich source of ideas, exMnplesof the scieijtific method, pertinent 
references to-standard textbooks, and cle.v d^scriptjons.of space experiments. 
In a sense, they may bc^garded as a pioneering form of teaching aid. §eldom 
has there been suchyS forthright effort to prbV^^ to teachers^ ■ 

curriculum-relevant reports of current scientiw High' school 

teachers wlio reviewed the texts^uggested tji^^^^^^^^^ students who are 

interested might be assigned td study one paitijphlet and rc'ix) it^b the ftst 
6f the class. Aftlr class discussiqri, stiidents'^i^ht be assigned (without 
access to the pamphlet) one or^nore of the'^^Qtiestiohs for^ for 
formaF^r informal answers, thus stressing J(he application of what was 
previously covered in: the pahiphlets. ■ ' , - 

The authors of these painphletsareDr, Lou Williams Page, ageologist, and 
Dr. Thornton Page, an'astronoiner'! Both have taught science at several 
• universities and have published l4W)kson science for schools. colleges, and 
the general readerV including a recent" one on space science. J < 
\, Technical assistance to the Pages was provided by the Apollq-Soyuz 
Program Scientist, Dr. R. Thomas Giuli, and |Jy Richard R. Baldwin, 
W. Wilson Lauderdale, and Susan hf. Montgomery, memberspf the group at 
the NASA Lynd^ B. Johnson Space Center in Houston which organized the 
sciefithi^Si^ in the ASTP and published their reports of experimen- 

tal results. / . - - . 

Selected teachers from high schools and universities throughout the Urii 

States reviewed the pamphlets in d^aft form. They suggested- changes inl 
wording, the addition 'of a glossaty of terms unfaniiliar- to students, and 
improvements in diagrams. A list of the teachers and of the scientific inves- 
' tigators-who reviewed the texts for accuracy follows this Preface. 

This set of Ajx)llo-Soyiiz pamphlets was initiated and coordinated by Dr., 
Frederick^B. Tuttle, Director of Educational Progrlms, and was supported by 
the NASA Apollo-Soyuz Program Office, by Leland J. Casey, Aeipspace 
Engineer for ASTP, and by William D. Nixon, Educational Programs 
Offfcer, all of NASA Headquarters in Washington, D.C. 
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t Introdubtibn 




After 4 years of q^paration by the U.S. National Aer6naiitics''-»ad Space 
Adnpinistration (NASA) and the U.S,S.R. Academy of Sciences, th» Apollo 
and Soyuz spacecraft were launched on July 15, 1975. Tvyo days lateral 16.:09 " 
Greenwich mean.time on July 1 7, after Apollo man6uveired into the same qibk 
as Soyuz, the two spacecraft were docked. The astronauts and'cosmonauts " 
then met for the. first international handshake in space, and each crew enter- 
tained the other crew (one at a tirne)'at a meal of typical American or Russian 
food. These activities and the phySics of reaction motors, orbits around the 
Earth, and weightlessnfess (zero-g) are described more fully in Pamphlet I, ^ 
*The Spacecraft, Their Orbits, and Docking" (EP-133i. ' 

Xhirty-four expcFHTients. Were peiformed while Apollo*ind Soyuz were in 
orbit: 23 by astronauts, 6 by cosmonauts, and 5 jointly. These experiments in 
spa^e were selected from 161 proposals from scientists in nine different 
countrits. They are listed by number in Pamphlet I, andgroupsof twoor more 
are described in detalf in Pamphlets II through IX (EP-134 through EP-141 , . 
respectively). Each experiment was directed by a Principal Investigator, 
assisted by several Co-Investigators, and the detailed scientific results have 
been published By N>\SA in two reports: the ASTP Preliminary Science . 
Report (NASA TM* X^8173) W the ASTP Summary' Science Report 
(NV^S A SJ^4 12). The simplified accounts given in these pamphlets have been ^ , 
reviewed by the Principal Investigators or one oif the Co-Investigators. 

As described in Pamphlet I, the orbit of a spacecraft is controlled by the . 
Earth's gravitational field. If the Earth's gravity is ■*snfiooth," the spacecraft 
moves tn an elliptical yorbit at a predictable velocity . However, if there are 
irregularities in the Earth's gravity; a spacecraft in low orbit will speed up and 
slow down as it passes over them! Such irregular. motion has been observed 
for spacecraft in-orbit around the Moon and has been looked for on NASA . 
missions passing other planets. - 

For many years, the acceleration of gravity g was thought to hfe the same on 
all parts of the Earth's surface. Then it was discovered that g is higher than ^ 
^lomriral in some regions and lower than' normal in others. These regions are 
called **gravity anomalies," and they are caused by the high or low density of 
the Earth's crust. Detecting them is useful in locating ore deppsit^^coal, oil, 
and gas. Two of the Apollo-Soyuz exlpfriniehts were designed tav^etect 
■ gravity anomalies from the niotions of spacecraft. ' ' ■ ' ^ ■ 

^Jperime^t MA-089, Doppler Tracking, was supervised by G. C. Weif- 
fenbach of the Smithsqnian Astrophysical Observatory in Cambridge, Mas- 
sach;isetts: The objective \yas.to detect gravity anomalies by measuring the 
changesjn the distance between two sateilites (the Apollo Command Module 
and the Docking Module) as'they passed over an anomaly and were acceler- 
ated by its higher gravitational force. Botih satellites wec^ in the. same low 
orbit, and this technique became kttown as the 'Mow-low" method. 

M-:^:- : : .-. ; 
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The Principal Investigator f^fir Experinrient MA-128, Geodynamics,>as^F, ' 
p, Vohbun of the NASA Robert H, Goddard Spstce Flight Center (GSFG)ih^-: / 
Greenbelt, Maryland, The experiment was designed to detect g^ravity . 
anomalies by measuring the changes in distance between the Apollo space- 
ofaft .and the ATS-6 satellite, which >ds in a 'much higher orbit: ThiS • 
procedure bei\ame known as the "high-low'' njfethocl; in^ contrast* to the' 
*Mow-low;' method Experiment MA-b8^. . * ■ 



TKePoppI^ Effect 




/hen an automobile bipwing its horti or a traialjlowing its whistle passes 
you, there is an obvious change in the pitch of the sound that you hear. The 
pitch' becomes, higher as the vehicle approaches and lower as it recedes. In 
1842, Christian Dpppler, an Austrian §cientisUpointedoat that this change is 
to be expected when any Source of periodic output such as sound waves moves 
toward or away from an 'observer. The pitch (the higher or lower tone) of 
sound is a measure of the frequency of sound waves^ which are periodic 
changes in air pressure that we can hear. The Doppler effect is usually 
illustrated by a diagram that^shows sound* waves crowded together in the 
direction of the motion^f the train whistle, and spread out on the other side. 
Figure 2.1 gives a more precise explanation. 

The train whistle gives out sound waves of frequency /, about 500 hertz 
(50P cycles/scc). These waves travel through the air at the velocity of sound 
v^', about 320 m/sec.'As the train approache||«^jelc»?it^^^^ distance from a . 
listener (observer) standing near the tracit;^^^<^i:e^^^^ 
. sound wave has less distance to travel thaji the pitficedingiwave (Fig. 2. 1 )Jhe 
VpcriodlTofthe sound wave isT = l//,:whiqh istlie tirne interval bStNveen 
wavfe, or.about 0.002 second for the train whistle, in the interval 7, the train 
moves a distance vt. The next sound wave thus arrive s early by vT/v^ seconds, 
and the period of s^und waves heard by the observer isT' =T ^ (vT/v^). T^e 
frcquency.that he hears is/\=/H-* (v//v^). and tl^e wavelength X he measures 

isv == \ - (vx/v^). ; 7 '* 

Tht Doppler shift \s 



AT = r - r = .-vT/v 



or 



or. 



whereT, /, and X are the period, frequency, and wavelength, respectively, of 
the train-whistle sound as heard or measured on the train. As 'Doppler 
explained the phenomenon more than a century ago, the same reasoning 
.applies to light waves or radio waves, except that they move with a much 
Wger speed, 3 x 10** m/sec (the velocity of light c). Light waves from the 
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moving train would thus |>e shifted.tb a higher frequency <**blue-shifted" by 
A/*= +/v/c orA\= -\v/c> as the train approaches. The lijght waves. would be 
**red-shifted" (negative A/*, positive A\) as the train recedes. Thfr terms 
**blue-shifted'' and **red-shifted" are used because higher frequency waves 
of visible light are blue and lower frequency waves are fed, as described ^ 
Pamphlet II. The shift is.very small for normal train, velocities (60 km/hr or 
"1 6.7 m/sec or 37 jnph), which are less than one-millionth of the velocitj^ of 
light. However, most satellites, planets, stars, and other astronomical objects 
riiove much faster than trains (from 7 km/sec' to hundreds; of kilometers per 



('yT'/vs' seconds apart 




Figure 2.1 . Diftance-time plot showing the Doppler shift for sound waves from an ap- 
proaching train with r of 2 milliseconds. Waves received by the observer have 
. , r/ of 1.05 billiseconds. 
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second). The small Doppler shifts of radio waves from a radar on a police car, 
are used by police to show when drivers are exceeding the speed limit. (The 
Doppler shift is. doubled when the radio wavfes are reflected from a moving 
car.) ^ . . \ , ■ 

The Discovery of Mascons on the fyioon ' 

Radio techniques c|n measure frequency very accurately. They were used to 
discover the V'mascbns/' which are concentrations of mass just under the 
Moon's surface, from the very small accelerations of Moon.orbiters that were 
broadctasting radio waves to receivers on Earth. The Doppler effect results 
from the movement of the sender or the receiver.toward or away from each 
other. Therefore, it is the component of v along the line from the moving 
brbiter to the .receiver on Earth that must bie used in the Doppler formula 
A/ = yV/c. This is shown in Figure iX Radio engineers at the NASA Jet^ 
Propulsion Laboratory (JPL) tracked NASA's five Lunar Orbiters and meas- ^ 
ured A/* with high precision. They tumied the Doppler- formula around and '" 
computed v = cA///with an accuracy of a few millimeters per second. Taking \ 
into account the Earth's' motion and the direction of motion of the Lunar 
Orbiter satellite, thp engine^js calculated the orbitaJ speed of tint satellite, 
Second by second, they knew that the satellite should follow Newton's |aws\ 
and move with uniform speed in an ell ipse (almost a circle) around the center 
of (he Moon. However, their measurements showed that each satellite would 
speed up slightly; then slow down, as it passed over one of the large circular 
basins on the Moon., AH this first happened in 1968. / 
5, the inteniretationjof these accelerations is sho\yn in Figure 2.3. According 
to Newton's Law ofGravitation (force GmAf/r^ seie Pamphlet I); there 
must be extra mass (the mascon) in each Itmar basin, which pulled the satiellite 
towai-d the basin; As the? satellite approihed the basin/ its orbital speed 
increased slightly; after it passed the bafin, it slowed down* a little. The 
ambunt of speeding up and slowing dowh gave an estimate of the mass con- 
centration.M. Each mascon (there are eight presently known on the Moqn) is 
thought to be the remains of a huge meteor that hit the N^on and formed the 
basin (a large crater). Each mascon causes a gravity anom^, and.thesc were 
the first gravity anomalies foundon an astronomical body otlter than the Earth. 

Others have since been found on Mars. v ^ 

. .' • V '. ■ ■ 

'Project Physics. Sees. 8.4. to 8.«; PSSC, Sees. 13-8 and 13-10. (Throughout this 
pamphlet, references arc given to key ip/)ics covered in these three standard textbooks:'^'* Project 
• Physics/' second edition. Holt. Rinehart and Winston. 1975; **Physical Science Study 
CommittceV (PSSC). fourth edition. D. C. Heath. 1976; and 'Mnvestigating the Earth** (ESCP). 
Houghton Mifflin Company. 1973.) 




. Figure 2.2 Doppler shift from the component of velocity In the line of sight. 
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to rn^siirc the i>oppler shift A/ accurately, boith'the broadcast frcqueaqy/iT . 
and the frequency reqeived on Earth /' must be known accijrately. ThiMf^cme 
by using crystal oscillators to control a radidfrequency electronic circuit at 
♦ 2000 megahertz (2 x 10® cycles/sec).with a deviation of only a fraction of 
1 hertz (1 cycle/tec). These crystal oscillators made it possible to me^siiife the 
boppler shifts on ApoUo-SoyuzJvery accwrately. The moving object (the 



Orbiter,.. 

5low6<l,down by Af ^ 



■'Ofbiter, mass m. 
speeded up by 




* Ef f ect'of a itiascon on the speed of a passing orbiter. 

Apollo Command Module or the Docking Module) had a crystal-controlled 
radio. The frequency of radio waves received was compared to the frequency 
of a similar crystal. The two frequencies were almost the same, but the sum of 
the incoming \yaves and the standard crystal oscillator gave a "beat 
frequency** equal to tbe difference between the two frequencies, as shown ir 
•Figure. 2. 4. ■ , ..^ * '.■ 



WavQ \ ' 
f - 2 gigahertz 



Wa4: 



Wavfe 2 

1.25 gigahertz 



Sum of waves 1 and' 
has beat. frequency 
\ - 0.25 gigahertz 




Beat frequency in the sumbf two waves of different frequency. 
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g Questjons for Discussion 

(Doppler Shift) 



i 



, > 1. The exhaust of a racingcar (without a muffler) makes 10 ''put-puts** p^^ 
■S/} ' ■ • second at aspeed v Qf5(yknT/hr (3j mph). If thecju: is goingaw 
that speed, ho>y many ''put-puts** will you hear each second? 

■. ^ . ' ; • ■ ■ ' ■ ' ■ • ■ ■ '■■ .: 

* .2. A police car is p'^ked on a side street at a 45'' angle to the. dncoini^^ 
traffic on a highway. Will the Dopplei" radar on the police car give the corre^ct 
spieeds of cars on the highway*^ * 

^ The lunar orbiter had an orbital speed of 1.7 km/sec. How did the 
Doppler shift of its 2000-megaliertz radio transmitter change as it moved 
: across the center clf the Moon and rounded the edge as "seen** by a radto 
receiver on- Earth? (Assume that there areW mascons.) 
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The acceleration of gravity at the ^Earth's surface is c^led ^ and is 
about 9.8«nri/s^^ (see- Pamphlet I). Around 1590, Gafileo first^hfieasured 
g. About lOOj^iar^ later, Newton used g and the acceleration of the Moon 
toward the Earth to^ derive .his Law of GravHation^ (Fg^=^^ Much 
\later< scientists found that g is not exactly the same 'eveiywheFe pn Earth. 
Evidently, there are high-density rocks like the lunar mascons iii some 
places and low-density rocks in other places. Also, the £arth'§ rotation 
reduces g frpm 9.83 m/sec^ near the poles to 9.78 m/sec^ near th^ Equator. 
The. rotation also changes the shape, of the Earth, producing a bulge near 
the Equator where the* diameter is 43 kilometers more than the diameter v 
through the poles. '~. V 



gravity Meters'^ 



V Early measurenients of g were made by timing the swing of a pendulum 
(Fig: 3/1). The period 7 6S a peindulum's swing is lirJUg, where L is the , 
length of the pendulum. Sp, g = 47r^L/r^. The period can be measured v^ry ;. 
accurately by counting 10 000 swings and dividing the total time by 10 OCX). 
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A pendulum used to measure g from A-n ^L/t^* , Figure 3.1 

• ' . y-' ' 



; *ESCP. Sec. 3-10. 
, '^Project Rhysics. Sees. 8.4 to 8^8: PSSC, Sees. 13-8 and 13-10. 
Wjeet Physics, Pjroblem 8.19; PSSC, See. 13-10. 



If you have a stopwatch that isf accurate to 0,1 ^iscbnd^ your value of T fs . 
good to ±0.00001 second. ' > '\ ; ■ 

• ' -V An accurate^ pendulum is still the best ihstruinertt to measure^; and siich 
measUrcifients. have t)een rnad&4t hundreds of gepph-ysical stations all over 
the worlc L How ever, a penduluni won't work on a rolling ship or in .*|in 
airplane flylng\ihrough bum^ Scientists therefore producedX**gra- . 
vimeter/* which' ha^a. small mas3 m on a spring;(Fig/ 3.2). The fprce.of 
gravity on m isFg ='mg, Ifg is slightly larger, the spring is stretched slightly 
farther. Gravimetbrs have complex W2(ys of magnifying this extra stretch. 




an 



Some use bent quartz fibers as part of the spring, and the instrurnem is 
protected from careless handling and ten^rature changes that might affect: 
the readings. Each gravimeter is calibrated* againsjt a standard pendulum just 
before it is used. A good graVirneter can nieasurc g with an error of less than 
0.1 mm/sec^. . • 

■■\:.y-: - ; / ... V. ■ . ' • 

Gravity AnomaHes and Earth Structure 

Geologists on foot have c^qxied gravimeters into ixipuntains and across plains. 
Xhey hq^ye taken them along seacoasts in Automobiles and out into oceans in 
submarines. In some places^ they have niade surveys while flying in airplanes 
at constant altitude. Jlhe^cceleration. of gravity. g is slightly smalle^^at^ 
/higher altitudes because the distance from the center of the Earth is greater. 
The force of gravity is proportional to 1/r^, inhere/ is fhe distance frbm the 
Earth'5 center. Gravity readings arerUsually corrected to what they would be at 
sea level. . . ; 

Maps of corrected to sea level show mmy^ maximums and mimi^ms; 
^ that is, h^mps and troughs in the force-of gravity; If the Earth were per- 
fectly homogeneous, tfierg^would be no maximiums and no tninimu'ms! The 
measured values thus- tell geologists about the structure of the Eiarth',s crust. 

general, g is higher bver continents where dense rocks are near the surface 
and lower over deep' ocean .hasins where the dense rocks are far bc;low. Other 
smaller structures,' such as iron-ore, coal, oil, ahd salt, deposits, can be 
detected. Caves and underground lava flows can also be located. Gravimeter 
surveys ^re usefuLin.prospecting for oiL-They also indicate the shape of buried 
craters ahd extinct volcanoes. . > . 

Gravimeter surveys by foot, autompbilev or submarine are^slow but 
relatively accurate. Measurements from airplanes, although faster^^end to be 
inaccurate. Measurements of g from satellites have the advantage ofj^^pverihg 
very large areas in a short time. A primary objective of the gravity, experi- 
ments during the Apollo-Soyuz mission wars to determine how accifrate the 
measureinents iFrom a satellite would be. Of course^ a gravimeter cannot be 
used in a spacecraft in orbit because' everything there is weightless^ and^ 
would-be measured as. zero. (The spring wbuld pull the mass to the top of 
the box in Figure 3.2 because = 0; see Piamphlet 1.) The method used 
depends on the accelerations of the spacecraft (as in the discovery of mascons 
on the Moon). Because Apollo-Soyuz wasSn a low (222-kilometer altitude) 
circular orbit, small changes in^ at the Earth's surface could be detected. 
A higher satellite would be less sensitive to changes in 




Questions for discuss^^ 

(Gravimeters, Gravity Anomalies) 

■ ' 4. An old-fashioned pendulum clock keeps accurate time at sea level, 
; but the owner moves it to a hotel 'on. Pike's Peaklat an altitude of about;: 
^ 4 kilometers (14 poo feet) /Will it run fast or slowl [ 

5. When an airplane goes into a banked turn, whaj happ^^ 

•of a gravimeter onboard the airplane? ' 

6. if g is 9.8000 m/sec^ on tiicrsurface in the Midw^^rn United States, 
- what is it at an altitude of 12 kilometers (39 000 feet)? (The radius of the 



Earth:i8' 6378 kilometers:) 



7. How does the Earth s rptatipn reduce ^ near the Equator? y 
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The '*Low-Low" 
Satellite Technique 



When two satellites injow orbit follow one another past a gravity anomaly ,s 
the first is.speeded up before the second one is and the distance between them 

. increases. Then the first satellite is slowed down (back to normal) before the 
$econd one is and the distance.between thenri decreases (Fig. 4, 1 ), The MA-089 

. Dopffler tracking Experiment was designed to detect these changes in 
distance. A crystal-controlled radio lransmitt ^ was niounted oh the Docking 
Module (DM)% and a receiver with a similar^cTystal was placed on the Apollo 
Comm^d Module (CM). Each weighed about 7 kilograms. While the DM 
Was attached to the CM, the radios were warmed up and tested for constant 
frequency. This test showed a slight change of about 3 parts in 10^^; that is, 
'th& broadcast frequency of 324 megahertz^ (324 million cycles/sec) vjj^ed 
by only 1 millihertz (0.001 cycle/sec). A.j 

On July 23 at 19:45 tjreenwich mean time (GMT— the time in Greenwich, 
England, used as standard time on the i^LpoUo-Soyuz mission), the DM was . 
unlatched from the Apollo CM. Before releasing the DM, the astronauts used • 
the Apollo reaction-control Jets to spin Apollo and the DM at about one 
rotation every 72 seconds. After the DM y/sis released, the Apdtlo CM 

\gradually ceased spinning and backed away from the DM. Th^ purpose of the 
D^rotationwasto stabilize it with its radio antenna toward Apollo. Although 
,this approach worked fairly well, the. DM s,till had a ^mall wobble that 
broMjght its antenna first, toward and then away froni Apollo; This wobble 




\'^z step ^'1.30 m/sec 



CM/DM/^eparation 



CM pSrQpulsion 



I / t I L 
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19:40 19:45 ,19:50 19 55 20:00 20:05 20:10 20:15 - 20;20 . ' 20:25 
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boppler shift of the 324-megahertz frequency showing the DM drift after sep* 
aratlon and the CM rocket firing. * 



introduced an unwanted bbt small periodic* E)oppier shift in the DM radio 
transmission. >, / 

The Doppifer shift as Apollo backed away from the DM^at 1.3 m/sec is 
shown in Figure 4. 1 . At 20:20 GMT, the. Apollo reaction jets were fired to 
separate the Apollo from the DM more quickly. When they rieached 300 
kilometers, ti^ astronauts fired the jets' in theU)ther direction so that Apollo 
stayed aboi^t the same distance behind the lJm. . ^ 

Although the radi^ receiver could measure the difference in frequency 
accurately, there were three ^anticipated , complications' in • measuring the 
accelerations caused by gravity anomalies. First. the^M moved into a 
slightly different orbit* from ^hat of.lhe CM- This change in orbital shape 
caused a perioli(c increase and decre^e oTthe separation every 93 minutes, 
the time for one trip around the Earth (see Fig. 4.2 and Pamphlet I). Second, 
atmospheric di^g on the two orbiters was slightly different, which caused a 
gradual increase in separatiog^ FinaHy. electrons in the Earth's upper atmos- 
pherejbetween the two Q^iter?palKed a small shift in the frequency of. the 
radio "transmissions. ■ ' 

The slight 'difference in orbit was checked by ground observations so that 
corrections could be made. The atmospheric drag was estimated in advance 
(it caused a smoQlh, long-term change in separation). After correcting for : 
this, short-term'chaqges due to gravity anomalies could still be detected. The ' 
effect of electrons c6u\d be measured by using ^o/re^Me«de5, 162 and 324 
megahertz. The electrons changed one frequency more than the other, so. 
both the DopplersTiift ajad the shift due to electrons could be calculated from 
the two /pleasured frequency changes. • 

The frequency shifts w^re measured over I O-second intervals for 13.8 
hours as the DM and the CM circled the Earth nine times. Diiring tliese nine 
orbits, they passed over various parts of t|je Earth's surface and Should have 
recorxled many gravity anom^iliesi However, unlike the tests madeNsvhen the. 
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Doppler shifts during eight orbits (corrected for Ionospheric effects). 
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CM and DM Were ^tiU connected, variations in the DM radio-signal strength 
Avere so' large during the actual experiment thajt the CM receiver c0ukjLnj><^ 
measure Hhe Doppler shift acci^rately.. Because of these difficulties, the 
Vlow-low" technique detected no gravity anomalies during the Apollo- 
Soyiiz^fiighj^ but anoth^attempt on some future mission may be successful. 

Nevertheless^ the MA-089 Experiment was able to measure the ioiii^tiort 
pf,,ttiie low-density atmosphere at a 222-kilometer altitude,' The electron . 
density varied from 3 x 10® electrons/m^ on the nightside of the Earth to 
5 X 10'^ elect;rons/m^ on the dayside; More interesting were the many 
sudden changes in ionization^ Most of these occurred as Apollo-Soyuz 
crossed the. Equator, which indicates that the ionosphere (see Pamphlet V) is 
irregular in that region. Figure 4.3 is a plot of the change of frecfuency during 





Map of devolution 127 with plot of MA*089 frequency^ changes: The electron pigure 4.3 
density between the Apollo.CM and the DM can be computed from the change 
In frequency. , . .* ; • 




I* 



■ • . ' one tevolujion (number 127). This plot ^hows a big '*wave" 4ue to changes 
;v in electron density jMSt of Califomw 

V This wave had 3 Wavelength of 690 l^iloiftetere ove? ■ whiclj^^^plectron 



density ehange4.% 35 percent. The. wave extended 7200 feffotti^^^alortjg 
the Apollo-Soy uz orbit. / 
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fhe "High-Low'^ 
$atelli|^ technique 



A. ^tellite at very high altitude is almost unaffected by':gravity. anomalies 
because of the 1/r* in Newton's Law of Gravitation. Therefore, DQppler 
tracking of a low satellite (accder^ted by gravity anomalies) from a high 
satellite should make measurenraents of those accelerations possible. The 
situation is complicated because the low satellite (Apollo) moves at chahgir^g , 
angles to the high-low line (Fig. 5.1 )i When Apollo was directly underthehigh 
satellite, there was no. Doppler* shift because there was no component pf 
orbital velocity along the high-low line. . * 

* • 1- " ' ■ ■■ r ' 

The ATS-6 Geosynchrpnbus Satellite ' 

The ATS-6 con^tnunications satellite was;in a;^24-hour geosynchronous orbit , 
35 900 k'ilometers;abovc'Lake yiclbria in East Africa. At that height, 42 ISp 
kilometers from the Earth's center, it circles the Earth every 24 houn and ' 
remains over; the same p6int on the Equator all the time (hence the naitie 
geosynchronous-r-^'intime with the Earth"). The ATS-6 satellite was located 
in this position to broadcast television programs to India and Africa^ aqd it 
was also used fdr communications with Appllo-Soyuz (see Paihphlet I). It 
relayed ^bice, radio,. and televis'^^i^ communications on several Circuits to 
the ATS receiver in Madrid, Spain. NASA has several other ATS satellites 
planned^ that will efvethtually relay /'real-time** television and radio tran^- 
niissions to or froni any part ^of i^t world. o - 

The StDN receiver-triansmitler at Madrid (Fig. 5.1) is payt of NASA's 
worldwide Spacecraft Tracking andZ?ataWetwork.of 17 ground stations and 
several ships.- When Apdllo-Soyuz was 5° above the local horizon, each of 
' these' cadio stations could relay messages to or from Apollo and Soyuz. 

The Apollo spacecraft in low .Earth orbit, the ATS-6 satellite in high orbit 
(actually more than 160 times higher than Apblld), and the ground receivers 
at Madrid,. Spain; arc shown schematicaHy in Figure 5.1. The radio fre- 
quencies used beiw^Qn each pair are giv6n in gigahertz (10® cycles/sec). The 
2 r^i5-glg^crtz-i^yi<H;iigna 

A/= 2.25 X ►JO" v>^jc':i wh^ of Apollo'sorbital velocity v 

along the* Apollo/ ATS-6. lin^.*THe Do^^^ shift (and v^) was zero when 
Apollo passed directly uiber the AT^-6und v was perpendicular to the line 
from Apollo to ATS:6. The shift was a maxilfium (v;^ almost equal to v) when 
Apollo was hear thVhoVizon a3 sepn from^ th^ ATS-6. These Dopgler-shifted- 
signals were tlien biJijbed to the' A^ in Madrid oij a 3.8-gigahertz 

circuit with'almost ngi pbppjer shift because the position of the ATS-6 is 
nearly fixed in the sky: • . i ^ r 
It would ^Isp hav^ 'been .possible tp measure the Doppler shiQ in the 
Ap61l(> 2.3-gigahert2f • to the STDN station in Madrid 



Flour* 6.1 8chc(m«tlc of the ATS"67Apollo communlcation ttnkt. The ATS RanQlno station 
li df algnated AT8R; the NASA Spacecraft TrackHno and Data Network station 
li designated STDN. 




{6/ ^ 2.3 x. 10^ V5/C), but. the effect of ions in the lower atmosphere com- 
plicates such measurements (see Secv. 4).' Ions had little efifect on the , 
J^poIlo/ATS-6 link or on the ATS-6/Madrid link because these rajciio waves 
travel ohjiy short distances through the tons, and a'^mall correction co ild be 
' rnade. for the ion effect. ^ ' 

the MA-128 Geodynamic' Experiment 

The objective of the Geodynamic Experiment was to measure ^favity anorti^- 
lies'as small as 0.05 mm/sec^ over features as small as 30Q^kilometers. Two 
areas were selected: the center of Africa, which, has positive gravity anomalies, 
and the Indian Ocean tTx)ugh, which has a negative gravity anomaly. Apollo 
pas^d over central Africa bh its 1 i5th orbit (revolution) around thei Earth 
^nd over the ilndian Ocean on revolutions^Si 23, and 53, as shown in Figwe 
5;2. Measurements were majde on these orbits and on revtblutions 120 and 1 35.* 
Gravity anomalies wete measured ip the three areas snowit in Figure 5.2: 
Because the ATS-6 satellite wa^ almost directly ovemead in ^Africa,^ the 

. component ij] Figure 5.1 was directed nearly up or down over each 
anomaly (as over the rtiascon iii Fig. 2.3), and the sehsii ivity for measuring 
|he strength of. the anomaly .was'high, 1 ^ ' 

. . The radiofrequency crystal oscillator^ were, stable er ough that velocity 
changes as small as 1 mm/sec were detected: Errors in tii 
of were about 0.5 mm/sec. Measurements were made on 108 orbifs for 
the 40 minutes of each 93-minute prbitak period duringVhich Apollo was 
within 7500 kilo0iei^rs of the point in East Africa directlv under the ATS-6. 
(During the other 53 minutes of* each orbit, Apollo either couldn.*t see the 
ATS*6or saw.lt so n^.ar the horizon that many ions were in the line of sight.) 
When Apollo was rolled or turned in any way, itsradio. anienna was moved 
artiricially> The time of such maneuvers was recorded at'the Mission Control 
Center (MCJC) at the NASA 'Lyndon B.. Johnson Space \Center (JSC) in 

/ Houston. The MA-128 Doppler measurenrients at those times were no good 
(the scientists didn*t want to misinteripret a spacecraft roll as a gravity 
anomaly!). In general, t\yp or more orbits over the same gravity anomaly 
were used to estimate its strength. " 

. ' .' • ■ ■ ^ ■ ' ■ ^- ■■ ■ 

Results of the GeG|dynamic Ex^^^ 

Changes in (the component of Apoll6*s orbital velocity toward the ATS-6) 
during three orbits oyer the Indian Ocean arid the Himalaya Mountains are 
shown in Figure '5.3. After correction for the effects of ions and electrons 
betNveen Apollo and the ATiS-6, the Doppler shifts (Av^) definitely show the 
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Apollo spacecraft groundtracks ior Experiment MA-1 28. . 

■ ■ ■ ' ^ ■ . ■ ■ ,' ■ ' 'r ■ . ■ . ■ ■ . 
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Jndian Ocean anomaly. The Himalayan anomaly is less certain, hpwe^ 
because there was a higK density of atmospheric ions over iht Himalayas 
each time Apollo passed over. If the changes in are converted to the 
strength of the anomalies, the two largest anomalies correspond to changes in 
g of 0.6 and 1.0 mm/sec^ about 10"^ g. Other orbits showed 10~'-g 
anomalies in Asia Minor, 10~^^-g anomalies in.centrai Africa, and less well 
.determined anomalies in the Southern Hemisphere: Some of the anomalies in 
Asia Minor are associated witlncontinental drift (movement of large sections, 
of the Earth's crust) in that area. (see jpamphlet y). 



20 



Changes in Apollo velocity toward the ATS-6 caused by gravity anomalies In 
the Indian Ocean and Himalaya Mountains. Note that i;^ changes agree well on 
three orbits. . .'■ j*' . 

■ . ' 'f ' .' ■ ■ ' ' ■ '■'"*/■'.■ 

';The;MArl28 Experiment also provided new data about the,Earth*s.alnios- 

phere: Measurertients made just as Apollo disappeared from ATS-6 view 

H be^dw the; horizon, (oi* as Apollo reappeared above the horizon) show^he _ 

--n^raetion (bending) of radio waves in the Earth* s atmosphere. These refrac- 

tibhs can be used to derive the temperature T and the pressure/^ of the 

atmosphere through which the radio v(/aves passed. Using measurements 

. taken at ^second intervals for 30 seconds before Apollo disappeared below 



Figure 5.3>: 
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oi; after it reappeared above the horizon, the scientists demedT and P for 
several altitudes. In one place, the values derived agree with measurements 
made l^m^ a balloon flight, which means that the **high-low** satellite 
combination can collect certain meteorological (weather) data rapidly. Later, ' 
when satellites aire positioned at seVeral longitudes around the .world, this 
technique will give measurements of 7 and P wherever low satlilites cross a 
ring about 9000 kilometers from the point under each high satellite. 

Questions for Discusaloh 

r(Dpppler Effect, Spin, Orbits) ' , 

8, With cVystal oscillators controlling radiofrequency to 1 milliheriz in 
334. megahertz, what is the smallest velocity along the line of sight that 
can be detected?, ; \ , ' , . : 

9i *lf the DM had nptbeen stabilized by a spin, what could have happened 
<fe> prevent collection of the Apollo- DM Doppler measurements? 

10, iftheEarthrptatedonceevery i2hours(insteadofonceevery24'hours), 
holv high' would a geosynchronous satellite have to be? ' 

. t ■ ' ■ ■ ••'•■"V ■ : \ ■■ : ■■ 

\1, Figure 5.1 shows^n interniediate position of Apollo relative to the 
At1s-6. Where would the Doppler shift be at a maximum? Where would , 
Api)llo be ifor zero Doppler shift? ■ 



Discussion tbpits (Answers to Questibiis) 

1. (Sec. is) The Doppler jfortnula is A/=^ fvlv^.. The * *put-put' • frequency/ 
is ioput-puis/sec. The speed of the car v is50km/hrpr I3 .9 m/sec. The speed 
of sotind is 320 m/sec .Therefore;, A/= ( 1 0) ( 13 ^9/320) W 0.434 put-put^sce, 
and/' A/ == 9.566 put-puts/sec, 

l^',-.^ ■ ■ ^' ' J ■ ••• ' '•' ■ ■ ■ 

. (Sec. 2B) The Dopple^r^radar onlhe policcKar will detect only the com- 
ponent of av^ar's velocity '^in its line of sight, 45°. to the highway (car's 
(Velocity v). It wiU thus read v cos 45°, or 0.707 v. 

3. (Sec .^)B) At the center of the Moon as seen from Earth, the orbiter is 
/moving acPOjK our line of sight (^ = 90° in Fig. 2.^ therefore, thej)9^pter 
\ shift is iero. .^^t the edge of the Moon, the orbiter |s movih| directly a\y(ly froni . 

us ((? = 180°y, arid v^. = —v = -|>7^km/sec recession. The Doppler shift is then 
. A/= -^/c-^^; -2 X lOM^^^ X iorhertzor -11.3 

kilohertz (— 1 1.3 kilocycles/sec red shift). , ' 

. 4. (Set. 3C) The period of a pendulum swing T = 27r/ik7g . At sea level, 
g = 9.30 m/sec^ at a 4Tkilometer (14 000 foot) altitude (4 kilometers, farther 
fironi the Earth's center)^ g js smaller (9.786 m/se c^), so 7" wo uld ^bfe large r. 
The ratio of J bri the mountain to f at sea level is 79.80/9.786 = / 1:0044 = 
1.0007. The period is thus 0«p007 lonjger on the mountain, and the clock nihs 
slow by (0,0007)(1440 min/day) = i.O min/day. 

5. (Sec . 3C) The airplane in a banked turn is accelerated toward th^cehter of 
its turn, and thisJacceleration* increases the gravimetef reading. / \ . \ 

6. (Sec.*^C) By Newton's Law of Gravitation, Fg = GMmlr^ ^ mg. Thus, 
g\s prdportionalto 1/r^, wherer is the distance fromthe Earth's center. At a 
12-kilometer altitude, rns 6390, and^ at that altitude is (6378 kni/6390 km)=^ = 

* 0.9962 times g at sea level, or (0.9962)(9;f80(X)) = 9.763 m/sec^. _ 

- (Sec. 3C) At thelBquator, a mass is moving at v == 460 m/sec m^a circle 
with a radius r of 6378 kilonf^ters* as the Estrth rotates once every 24 hours: ti 
Part of the gravitational force = GmM^lr^ is used to keep m moving in this 
circle at acceleration a = v^^. Therefore, -a spring balance^r gravimetejr 
records — mvVr - mg — ma\ arid^ is reduced by = v^/r. **Centrifugal 
force" is the term us^d to "describe mv^/r. 

». ' . ■' , ■ ■ ■ , '., 

'8. (Sec. 5D) In the Doppler formula A/ = ^/c, we need A/ larger than 

1 nniillihertz. So ? must be larger than (1 millihertz/y) c, orX10"V3.34 X 10^) 

(3 X 10^ m/sec) = 9;x 10**^ m/sec, or 9 x lOS mm/sec,/or 0.9 mm/sec. 

■ ■ • •■ • •■ •■ ■■ ■ : ■■ 

. '•' '■■ ■ ' •' > ■ .■■ ■"' : ■ 



9, (Sec. 5b) If thf DM had not been stabilized, it would pibbably have 
''tumbled!' so that .its transmitting antenna faced away ironi Apollo. In that 
case, lio radio signiU$ could ^ave been received by 

10, (Sec. 5D) Th6 period T of a satellitf| is related to its distance r from the 
Earth' s..center^ by I^epler's Law (see Pamphlet I):^7^ is proportional to r^. 
If r is reduced fifDnri/24 hours'to 12 hours, must be reduced by (24/12)* = 4. 
The altitude of th6 {geosynchronous orbit, 35 900 kilometerisf, plus the radiusof 
the Earth. 6378 kiti = 42 278 = r. Therefore, the new (l/4)(42 27 8)^ = 
(1/4X7.56 X 10'^) = '1.89' X 10>^ and r = 2.66 X 10^ kilometers, or 
26 600 kilometers from Earth'^ center, or 20 200 kilometers above the Equator. 

11, (Sec. SD^-The Apollo's Doppler shift would be a maximum when its 
'orbital velocity v was along th6 Apollo/ ATS line of sight, at the lower left in 

Figure 5.1. The Doppler shift would be zero when Apollo passed under ATS-6 
as it moved across the line of sight. . 
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IMeriifitiohal^8tiBm(SI)^U^^ J ~~~~~ 

Names, symbols, iuid conversion factorsi of SI units used in these pamphlets: 



Quantity 


• Name ot iinit 


Symbol 


Convereipn fii^to^ ^ 


Distanc(i| 

\: ■ 

■ !• .- 


metfer \ 

."1 . ; " • • - . 


■ -ni^ ■■■■■■ 


1 km = 0,621 mile^ 

Titi = 3,28 ft • , 
.l.cm=y^ 0.394 in,. - 
1 mm = 0,039 in, ^ " o 
f /xm = 3,9^x lb''* in. = 10^ A 

' inm :^ JO A ' „ 


Mass.^ . . ; ■ 


kilogram 


" ■': kg,). 

» ■ 


1 tonne = l,102lons_ 
1 kg = 2,20 lb 

1 gm, = 0,0022 lb = 0,035 oz 

1 nig = 2.20 X 10-« lb = 3.5 x 10"* bz 


Time 


second . 


sec' 


1' . ^ . — — — ■ — 

1 yr = 3,156 X lO^sec ,^ J 

1 day ^ 8,64 X 10^ sec, 

1 hr T= 3600 sec : • 


TemperatuFe 


k§lvin 


K 

c ' 


213 K = (f(l = 32*^ F , 
- 373 K= 100^^:^ 212?F - 


■A'rea/-' ■'•. ■» ■ •■ 


square meter . 


m* 


i m=^ = 10^ cm^ ^6.8 ftV >r \ . 


Volume 


cubic meter 


\ m^ 


1 m^=? p« cm^ = 35 ft? 


— — : = — 1^ 

Frequency 


hertz 




\ H?"^ 'V9yclt/sec,l;e•^^^ ' ' " .V"' 
1 kHz = , iOOO cycles/sec ; 
1 MHz = 10^ cycles/sec ^ 


Density 

if ■ 


kilogram per 
^ cubic jmeter y 


•■■ ..v'".. ■ 


i kg/m^ = 0,001 gm/cm^ 

1 gm/cm^ = density of ^^x&x-^^^^^^ 


, Speedy, velocity 


' ' ^ 

. meter per second 


■\^m/sec • 

\ " * 


. ^ 1 m/sec,-=^ 3.28 ft/sec 
I km/sec i= 2240 mi/hr 


. Forifey 


newton 


\ • •■ ■ '. 


— . , 

1 N =10^ dynes = 0,224 ibf \ ' 
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L Name of unit \ 


Symbol 


Conversion factor 


Pressure 


f , newton^'per square 
1 meter 


■ N/m* 


1 N/n^* = 1 ;45 X 10-* lb/in* 


Enci:gy.;" ■•. | 


joule 




l.J = 0^239' calorie • 


•JPhoton energy I 


electronvolt / 


e.V 

^ ■ 


r eV = 1,60 X 10T^« J; 1 J =^ 10^ erg 


Power 


, ' * ' ,' ' ' 
watt > • ' 




1 1 J/scc 


Atonifi: mass 


v *ttU^ic mass unit 


amu 


1 amu = l;66'x id"" kg 


• " :■ ■■ r 






• ; ! — - \ 


Customairy^^ SI Units 








Name of miit j 


SymbbI 


Conversion factbr 


Wavelength of 

Hgnt [ , 


vangstrom 




■ ■.. ..0- • . ' i ■ 

1 A = 0.1 nm = 10-'« in 


Acceleration 
^ ■ of gjravity . 






^ = 9.8 m/sec* ' 


, 4 ■ r 

',' ' . ■ 


■ ■ ' . . ■ ■ 


. % 
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■ % 



■ ' :.. . , ' —. ' — ^- — —hr \ — ^ ' — ' — — — 

Unit.PrMlxM , .. ; .- 


Prefix ^ 


Abbrevialion 


_ Factor. by whkh unit, 
' is multiplied 


\tjnL , • ■ •.- ■ • ■ ■ ' 


' ' ' ■ T ■; • ; '• 


,10" ; 


.■•giga' • ■ ••: 


.G . ' \ ■ 




. oacjga; '•. 




■., -.lo' V ■'■ ■ . ■■ 


kilo ^ 






^ hccto ; 


h /-v. 




ccnti 




■'•'' ■10"*'. ■■ ■ 








milli. 


m 


■■" .;. , io-» ; 


micro ' . 


■./■■■!•■ 




nano ^ ■ " ' 




* ; ■ ' ■ lO"'.;^'- ■ ' 


pjco 


' P . >' »^ ' ■ 


10-'* , 


•" ■ . , ." *•■ ■ 

■ ■ ■ ■ ^. ■ ■ 1. . 


■■ * ■ .' ■ ■ i..' * ■■' 
. ■ .■ . * . 





Powers of to 



increasing 



Decreasipg 



EKLC 



10* = 100 ■ ' 


lo-v- 1/100 = Q.oi '/ ^ ; ' 




101' = 1 000 _ 


: 10*-^ == l/iOOO 0.001 ^ v. * ' 




10* i= 10 000. etc: . ' ' r 


,j/io 000 = OJ9P9wr, etc. ^- > .V v 




Examples:. ?. v. > 


r. ^ ' ' ' Examjple:; ^ v ; =--^ :. ''.v^rX^; _^ 




• . -J. '■ ■> •' • . 
jZ 1 10* > 2 000 000 ' 

2 X 10" = 2 followed by 30 zeros ' 


- 5.67*x 10--* =="0.000 05 , 


. A; '.■.■,;;.*.V - ^ 

*' ■ ■> • '' 
: • '1 ,.1 ■■' ■ : J' p "? 


.■■ ' ■ ; . . : : y ■ '■ ^ ..■■ir\ 


"• -y' 'r .; • ' ' ■■ '■ ' ■ • * '• ■■'}'\',::^ ■■ ' .•' 





Appendix C 



GIdssary , . 

References to sections^ Appendix A (answers iQ^uestions), and figures are 
included in the entries. Those in italic type arq the most,helpful. . 
acceleratton (a). change of velocity with time. (Sees. 2A, 3, 4; App. 
^ nos. 5,7;Figs. 2.3, 5.3) The acceleration ofgraVity at the Earth's surface 

iscalledv. N • : . ♦ 

ATS-6 corrimunicati6ns satellite a satellite in gepsynchronous (!24-hour 
. period) 6rbit>35 9()0 kilometers above East Africja, used to rebroadcast 

radio signals to jmd fr©m the control station in Madri^ii:Spain. (Sees. I ' 
. . ^a/sB, 5C; App;;A, no.. 1 1 ; Figs; 5 J,;.?.3) / ;. ' • ' ^ 

basin a depression. Basins on the Moon are large craters caused by meteor 
: ihipact/Ocean'basins'on Earth are deep places'in the floor of the oceans. 
• (Sees. 2 A, "38) " . . ■ < - 

Ibeat freiq(uency when two sources are emitting sound waves of a dj^ereAt 

frequency (/'p/2),.the combined ^pund swells and falls in intensity, . 

producing Z?eiaf^, The frequency of the beat^iis/j- /,. (Sec' 2A; Fig, 2.4) 
c the .velocity of light, radio* and other electromagnetic waves, 3 x 10** 
■ m/seQ;^(Sec/ 2)- /' ' a,-'' • ■. 

Command Module (CM) the paft of;the ApoWo spacecraft in which the 

astronauts lived and wcirked; attached to the Service Module (SM) until 

reentiT^ jntonhe Eg^rth;$^^^^^ (Sec. 4; Fig. 4.3)\^ » 

comiMneili (i^diat)of velbcity the fraction bf^,.velocity vector that is along 

the line of sight of art bblierver; it is only this fraction that produces Doppler 

shift. (S?cs. 2'/l, 5 to.SC; App. A, nos. 2, 3, I l;.Fi|^. 2^2, 5,1, 5.3) 
crater a circular depression. Most of thos^ oh the. Mooni. were produced by 
" >meleor^impact; (Sees/ 2AJ,AB; Fig. 2.3) ^ . ' 
crystal a solid composed of atomsor ions ormqlecufe^ ^iii^ 

repetitive pattern,;.]!]/ an electronic circuit, it osjqiljjite^ y^^^ 

quency.' (SecsV ,2A(;^ App: A, no; 8) ^ /^^^'*^:-;^y 
Docking Module\tDM>.'^^ special component added^^^^^^ 

so that itcould be jpined vyith Soyuz. (Sees. 1 , 4;'XE^*;Ar.'^^^^^ 
. ' 4.3) See"Pamphlet|r. . , . , . ;A-'rt:;'^-^'-^y^^ 

'DbppUr shift the change ofifrequency and wa^qleiigth in Ui^ 
V ;sp\ifcfc approachin'g an observer (bliie shift) d»J^ceding; fir6^^^ 
V^shift). .(Secs. 2. 2i\. 4, 5 to 5C; App. A, tips. Vib 3, 8, Fig^^^ 
^■^^o2.2. 4.U.4.2) ,. ^ : /^C'^" -^^^^^^^^^^ 

4i;ag> atmospheric the friciiohal forces opposing:spacdcfaft veio5:Uy» ^iause d . 
; ..eyen at hi^h^altitudes by the low-density Earth jatnio^phere t^^^^ 
•^'ph^ric dcag^oweris the orbit. (Seia. 4^ ' ''^■i;--- . ■ 

frequency O^^^he npmber^of oscillatipris or w?ives: leaving^ia kound source 

or a radic^i.ant^,i?nji pr a light sourcie per sejcoKd, (Sacs>2^.2Ak 4, 5A, 5B; 
/ .Figs;!2;4;;^.3jia^^^ ' •"■■^i-- v^V-'''^- ' ■ ' 
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OO 
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g acceleration of gravity at the Earth's surface; 9.8 m/sec^/j(Secs. 1 , 5; 3A' 

to 3G, 5C; App. A, nos. 4, 6, 7; Figs. 3. i! 3,2) " • . ; 

\geo{^nchrdnpiis orbit an orbit that is synchronized with the Earth's rotation.] 
A satellite that is 35 900 kilometers s^|P^ the Equator (4^ 400 kiloineter^^ 
* firdrti the Earth's center) and that i^ m^ihg eastward has a 24-hour orbit ' 
, . and remains p^er the same place on Earth, (Sec. 5 A; App.. A, no. Ji)) )!' 
. ^. "'\ gravimeter an instrument for measuring g by- the extensio^ of a spring;; 
> . (Sees. J/I/3B; Aj^^ A, nos. 5, 7;.Fig. 3.2)' • 

graVltatioh the fpfce^f attraction between two 'masses (m aSndJIf )^/gj.y^n'by y^.; 
ivj^wton's Law ^ .= GmMIr^; where r is the distance beiweien them an3^ ' 
G Is a cohstant, (Sees. 2A. 3^5; App. A; nos. 6, 7) ' • ■: ' , ;^ 

gravity the downward force on^a ma^s^jiear the Earth. (Sees. 3 to 3 
gravity anomaly a region where gravity is loy^er or higher, than ^xpectea> ;: 
i« i*' Eaijh's crust is considere;d.]to:have: lihiform density. (Secs; / ■ 2'A,.3, ' 

^-^^r^' >B.4i-5,:5B,'5C). ■ — .j;^'^;; ., . ' ■ ' ■ ' 
y,^^. yv.*6reciiwich mean time (GMT) the fihfe.ofaft^yeot, from 0 at. midnight tidy ' 
12 hours.at notfh to 24 hours at midnight, ;^ as tpieasured at 0** lohgitudle 
(Greenvyich, near London, England)^'Gl^T:?s<used on space missions to 
avoid cbhfusion with other time zones. See *Pamphlet L , 
\groundtrack the path followed by a spacecraft ov^r the Earth's surface. 
'(Fig. 5.2) ■ /■ "■ . -r ■■ ■ : . .. , . i ■ 

hertz (Hz) a unit of frequency; one oscillation (cycle) per second: ^ milli^r •! 
V" hertz =40"' cycles/,sec,'J kilohertz = jOp() cycles/sec J megahe^^^^ 

cycles/secvMr gigahertz = 10® cycles/MC. / 
'•' .high-low a^techriique for measuring grayity anomalies, usfng one hig1^;:Cfl;:bjt|^^^^^^ 

^ ; satellite and one low-orbit satellite and measuring radio Doppler shifts | 
between: them. (Sec3. 1> 5, 5A to 5C) |> 
ion an atom with one or more electrons renioved or, mbi^ rarely , add^^ 
jslectrons along the path of a radio wave change its. frequency. Ionization is>:;'^v 
|the fraction oPatoms ionized. (Sees. 4, 5A', 5C; Figs. 4:2, 5.1) ^i-^^^'- 

;fw-Iow a technique for measuring gravity anomalies, usfing two sa&llites iil|l | 
low orbit and measuring: tadioJDoppler shifts between theni. (Sees.' l,ii/)v!5 
IAo089 the Doppler T^ackjqg Experiment on the Apbllb-Soyuz missibn^J^^^^^^^ 
; .^W (Secs.:,l.,4;-Fig.-4.3)--" ■ ' . / .■ •■■ :/ ' ' ■ 

■ /MA-l^t^tie,^^ V --'^^^ 

/ mascon-^a5S concentration; a region of high density below the Moon's 

surface. (Secs..2/I, 3. 3B, 5B; Fig. 2.3) ; I . ' : ' 
. ibrfaiit the path followed ^y a satellite around an astronomiical body such as • 
, . the Earth or Moon. (Sees. 1^-2A, 3B, 4, 5A tp 5C; Figs. 4.2, SJ) The orbit 
, number orv 'revolution- ' was used on Ap6i}6-Soyuz to identify the tinig 

' "^v^!?^ <Sec< 5B;^Figs. 4.3; 5.2): . . ■ • ; ^v^ 
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oscillator an electronic device producing radio, waves of a:^vei^ 

Cryjr/a/ oscillators give a highly accuAtie fTequeAcy.V;i(Seciv^2 SB; 
• . App;::A;,no. 8) ; ^;.■v■^;v./7;:r^•;^^^^^ 

piendiiljumalmass suspend^i fi:bm^^ 
■. .forth fiJcely. 1(!SeCvi/t^App:*^^^^ ; ' 

period (T) tHetime taken. by Vsatd^^^ aipund its orbit; of the 

: titiie between two- successive 'springs of a pendulurn or bitween two sue* 
cessive wave crests in radip of light waves-. (Sees. 2, 3 A; App. A, nos. 4; 10; * 

Fig. 2.1) * ■ ■ [ . ; ' r 

r >|he distance of a satellite from the Earth's center. o^--v ;;i;| :; 
rfldjky^^aves electromagnetic waves of wavelength bet>yeeA i altimeter and 
sevenil thousand kilometers'and frequeacie9l)etween 36d gigahertz and a 
few hertz. The higher fre<(uencies are uised for spacecraft communications, 
the lower for Navy communications: (Sees. '2, 2y\l 4, 5 A to SCI;.; 
f'.-App- A, nQ^^:^=:;V.C;V'. .\ i 

ir^actiqn-cx^n^^ propulsion units on a spacecraft used to rotate it or ^ 

; * to-acicfletiwecltin^ (Sec. 4) ;. • ^ 

refractidn.the b6n.dm of electromagnetic: rays such as light or radio waves' ■ 
, where the Tiai^eri^^^ 

. iwperties; !OSje£;.-^C)^ ^ , -f'^, 

revolution thej^eyqlytion or orbit number of a spaiqecraft in orbitturi^ 

Earth. j(8^5Bg^^^^ . ' .^t'- . " 

.Service M6^ule.(SK^^ lafge-part of the, Apoll^spaceci;^tft;'^it 
siipport equjpiT^^ to the Comnianj^^j^ 

just before tfrc-'^Mr;!^ atnicwfJfiere. ' ^ 

sound waves jpiess^^^ thetiir. the speed ofjil^und is 320m/scc. 

■ (Sec.2;^App.;:^^^^ : ■ ■^r^W^^^^^ /"l 
vector a direct^i* qwi^^^^ as velocitjfy force, or acce^ 

:symbpls (Vv^J^y'^ajl^arfe given in boldfiacelype. '^.^^/^^'.x^^ 
vi^iavelength (X) the distance from the crest of one wave td%^^^^^ 
/ next, usually meas^ured in angstroms for x-rays and visible ii|;ht^£md-i^^ 

■ centimeters or meters' for. i;adi6 >y2fyes— see Appendix B. (Sec\.:2) ' - A 
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